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oxygen triplet radiation. The emissions were generated with
minimal self reversal. The lamp output was baffled into a beam 38~ 

~ .

wide normal to the payload axis. A segment of this beam was viewed
by a photon co~mting detector designed for good sensitivity at
130 urn while rejecting Lyman—CL and wavelengths beyond 130 nm. The
system absolute calibration was achieved by two totally independent
techniques. The first technique required a knowledge of all
physical parameters associated with the system; i.e., lamp inten-
sity, directivity, spectrum, atomic oxygen scattering cross sec-
tion , temperatures, overall instrument geometry, and detector
quantum efficiency. The second technique utilized the measurement
of zenith 5577 urn in tensity at the time of launch and an atmo-
spheric model to place the absolute scale on the measured relative
O profile.~~Pre1iminary calculations of absolute numbers from the
two techn1qi1e&a~~ in good agreement.

The night instrument provided the capability for measurement of
densities from ~~ 1 x 108 to 5 x 1012 atoms/cm3 and the day instru-
ment was approximately an order of magnitude less sensitive. The
night payload in particular provided a well—defined atomic oxygen
profile showing significant upper D—region structure. Two peaks
occurring at approximately 91 and 98 km were apparent in both up
and down leg data from this flight.
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F INTRODUCTION

Atomic oxygen, due to its exceptionally reactive nature, is an im-

portant minor atmospheric constituent from the stratosphere through the

mesosophere and lower portions of the thermosphere. Measurement of atomic

oxygen within this region becomes challenging because of the difficulty in

measuring a very small quantity of atomic oxygen in a very large quantity of

molecular oxygen and nitrogen, and again due to its reactive nature. At ap-

proximately 75 km the ratio of [o] to [N2] + [02] is approximately 1 part

in iø~ (the brackets denote the number densities). Obviously , to success-

fully measure mesospheric atomic oxygen a technique must be developed which

is not only sensitive to atomic oxygen, but the effects must be separable

from effects due to other major and minor constituents. Furthermore, the

sharp spatial gradients in atomic oxygen number density occurring in the

mesosphere strongly favor in situ measurement techniques. Inasmuch as

the only practical mesospheric measurement platform is a sounding rocket

which will be moving with typical velocities of one to several kilometers

per second, the measurement technique must generate strong signals having

fast response times, very low noise, and wide dynamic range (4 orders of

magnitude or more). Furthermore , it is desirable that the measurement

technique be insensitive to vehicle attitude and dynamics. For use on

small rockets and in other combined rocket payloads , small size and in-

strument simplicity are important.

The technique at this time that appears best suited for the accurate

measurement of mesospheric atomic oxygen with a simple system is based on

measuring the resonant scattering of light in the atomic oxygen triplet

lines at 130.2, 130.5, and 130.6 nm. The source of the resonance triplet

is an on—board modulated RF excited oxygen resonance lamp with the output

collimated into a beam imp inging upon the atmosphere. A portion of the beam

is then r~sonant1 y scattered by atomic oxygen into a photon detector which

vitws a segment of the generated beam. The detector count rate is nearly

linearly related to the atomic oxygen density. Fortunately , the absorption!

reemission cross—section for the oxygen triplet is very large, which pro—

vides a generous return signal. The large cross—section also greatly re-

duces difficulty from competing light processes such as Rayleigh scattering 

--- -. -V.—-
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from major constituents and background airgiow emissions (or scattered

sunlight if the measurement is to be made in daylight).

This report discusses the physical basis for the resonant scattering

technique and presents the design of the system utilized for the measure—

nient of atomic oxygen in a small Astrobee D rocket. The calibration pro-

cedure and an estimate of its accu~a~y will be included, along with the

results of the two flights of the system.

GENERAL CON SIDERATIONS OF A SYSTEM FOR MEASUREMENT OF

ATOMIC OXYGEN DENS ITY USING RESONANT SCATTERING OF ULTRAV IOLET LIGHT

Atomic oxygen has a strong resonant emission in the near vacuum
ultraviolet from the transition (2p)~ 

3P2,1 ,0 — (2 p ) 3 ( ~ S O ) ( 3 s ) 1 3S 1.
Since this transition involves the ground state (3P) in an allowed tran-

sition and is characterized by large oscillator strengths (f—values), it

has the potential of providing an excellent means of measuring atomic ox-

ygen. In order to be useful in mesospheric atomic oxygen measurements, the

effective resonance scattering cross section should be much larger than

that of competing processes. Since the most significant competing pro-

cesses would be the Rayleigh scattering of the 0 resonance radiation

(along with all other lamp emissions) by all atmospheric atomic and

molecular species, a successful measurement of 0 density [o] would re-
quire that the inequality

>>

be satisfied .- Here and are the cross sections for resonant 0

scattering and Rayleigh scattering, respectively, and EM) is the total

number density of atmospheric molecules. If we intend to measure [o]
at altitudes of perhaps 74 km where the anticipated [o] 1O~ atoms/cm

3

and the total atmosphere number density,  [N] , is in the order of l015and

the effective atomic oxygen resonance cross section , c~ , is approximately

3.4 x iO~~~ cm
2, then the Rayleigh scattering cross section would need

to be less than 10 ’20 cm2. At the wavelengths of concern , 130 nm ,

is approximately 3.5 x lO 2
~ cm 2.
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From the above argument it Is apparent that little difficulty should

be expected from competing scattering processes at altitudes above 75 km.

Since the intervening gas has the potential of absorbing and multiple scat-
tering the return, light absorption in the optical path needs to be con—

sidered. Ideally, at the maximum [o] (‘~ 1011 atoms/cm3)

[o] a0 L < lmax

where L is the total path length in cm. If L = 100 cm

[o] a~ L = lO~~ x 3.42 x 1o~~~ L x 102 = 3.42 x lO~~max

It is apparent from the above that the inequality is met but not by such

an overwhelming amount that the effects of light beam attenuation can be

ignored. It does mean that in all probability multiple scattering and

spectral hardening (change in the apparent absorption cross section as

a function of path length due to the preferential absorption of the

emission line centers) can be neglected without serious error. It is

also apparent that the resonance effect is sufficiently strong that at

the maximum anticipated density a large fraction (in the order of 1 — 10%)

of the resonance photons will suffer a scattering interaction within the

reasonable dimensions of a scattering measurement. Furthermore, the re—

turn signal to be detected should be large if a reasonably large number
of photons can be generated within the optical width of the scattering

atoms. One approach would be to excite the resonance lines from a con-

tinuum source; however, it is virtually impossible to obtain enough pho-

tons within the oxygen absorption bandwidths from any reasonable source

to make this approach reasonable. An alternative would be to generate

oxygen emissions within a gas discharge containing oxygen . In order to
be practical as a measurement tool, the oxygen emissions should be from

an optically thin source to prevent the centers of the lines from being

• re—absorbed before leaving the lamp. Absorption results in reversal or

broadening of the emission line shapes. Other factors influencing the

shape of the emission lines are Doppler broadening due to the motions of
the emit t ing atoms , pressure broadening due to collisions between the
excited atoms and other atoms and molecules, and f inally broadening due
to collisions with both ions and electrons. 

--V_“ V --rn- --- - _ _  .- - 
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Inasmuch as the best choice for a light source to ~xcite the 0 reso-

nance transitions appears to be the 0 emissions - themselves, the generation

of these emissions and their interactions with the scatters needs to be

investigated in reasonable detail. The energy level diagram showing the

transitions pertaining to the oxygen resonance radiation is shown in

Figure 1. Although the scale has been distorted for the purpose of illu—

stration, the three ground state (2p)’~ 
3P211,0 energy levels are indicated

for J = 0, 1, and 2. As the atomic oxygen irt a resonance lamp is excited , —

one of the (2p)~ electrons is raised to the 3s level 2p3(~S°)3s
1 3S° cor-

responding to a wave number of 76,795 cm~~. As this excited electron re-

turns to the ground state it will return to one of the 3p levels according

to the statistical weights appropriate to the J = 0,1,2 levels which are

respectively 1, 3, and 5. This resultant idealized atomic oxygen emission

spectra is shown in Figure 2.

2P3(4S

,

~~~~
I3S /____ I (76,795cm ’)

>4 X2 X3 130.604nm

J/ 

X2 = 130.487nm
= 130.217nm

68.Ocm~

0

~2p~~ P

2 J(0 cm~ )
158.5cm ’ 

-

Figure 1. Energy level di8gram f or atomi c oxygen resonance emissions.
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,— DOPPLER WIDTH OF EACH LINE

/ A~ D ~ 7.162 X
(A~~ O.6l5cm~ AT 2000 1(

OR ~ .OOlO4nm.1

WAVENUMBER

Figure 2. Idealized 0 triplet emission spectrum with no self—absorption
and 5:3:1 line intensity ratios.

The height of each line will follow the ratios 1, 3, and 5 with

wavelengths of 130.604, 130.487’, and 130.217 nm respectively. Since the

V 
emitting atoms will have thermal kinetic energy at the time they emit a

photon , the resulting lines will not have their very narrow natural width

as indicated, but will be Gaussian shaped with a half width (Doppler

width) of

A ‘
~~~ 

= 7.162 x 
~~~ (T/ M) ½ ~~

which as a point of reference corresponds to 1.04 x lO~~ nut at a tempera-

ture of 20000 K.

The effective cross section or absorption coefficient in the ambient

oxygen for each radiation line needs to be conside red . These absorption
coefficients will be dependent on the oscillator strength (f—number) for

the transition, which have been quite well documented from empirical

measurements. The absorption coefficf’-’nt is also dependent on two

temperature related effects . Fo~ maximum absorption coefficient the
emission and absorption line profiles should be identical , which in

• general they are not, as indicated in Figure 3. Additionally , the ab-

sorbing oxygen temperature will alter the population of the three ground

state levels from that predicted by the 1, 3, 5 statistical weights. The

effective absorption coefficient for each of the three lines will follow

the actual population of the three levels.

~

_ _ _ _ _  - - a
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Figure 3. Doppler—broadened low temperature absorption line and higher
temperature emi ssion line typical of the conditions anticipated
in an atomic oxygen measurement where the lamp emission tempera—
ture exceeds the ambient temperature of atmospheric 0.

A simple Doppler—Doppler line absorption model yields the following

expression for the absorptance, Aa~ 
which is the fractional decrease in

intensity of an incident beam. For a single line

A 
f +’OI(w.) [ i  — exp(-k0Ze~~~)]di

f~ 11w)dw

- (w/a) 2
where 1(w) = C e assumed emission line shape

= 2(v_ v o) /AvD ~~~~~~

V = frequency

V0 — line—center freq uency

~ VD — Doppler breadth of the absorption 1 ine

(emission line breadth)/(absorption line breadth)

— (T~ /T~)½ for the Doppler—Doppler case
TE — effective temperature of emitters

TA — effective temperature of absorbers

k0~ — optical depth

k0 — absorption coefficient at the line center

I — thickness of (uniform) absorber
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The expression for An may be simplified when k0L 
(< 1, i .e . ,  under

optically—thin conditions. In this case, the approximate expression

for A~ becomes

l + c z2 2

~~
°e~~ cz2 )w 

dw

~ (k01) 
~~~~~~~~~~

[k 0- e) / /f + ~ 2] = (k
0OF(ct) 

-

where F(a) — (1 +

The extension of the Doppler-Doppler line absorption model to the

case of the 01 multiplet of interest (three simple, non—overlapped lines)

is readily made by writing

i~ i 
f °° I~ (w) [1. — ecp (—k~~~.te~~~)]dw

i~l ~ 
I., (w)dw

where the summation index i corresponds to a particular member of the

absorption triplet. When k~i).e << 1 for i = 1, 2, 3, the above equation

reduces to

-~ effA — £ F(cx) k0

ff  ‘ U’where k0 
[ = ( 1E 1 k0 ‘C1)/ (

1~1
C.)J is an effective line—center ab-

sorption coefficient. The constants C1 characterize the strengths of

the emission lines which stand in the relationship 5:3:1 when negligible

self—reversal occurs in the source.

The effective line—center absorption coefficient may be written in

terms of the line—center coefficient for the strongest absorption line.

If we associate i = (1,2,3) with the 2p (
~P2, 

3P1, 3P 0) -
~ 3s 3S1 transi-

tions, respectively, then i — 1 will designate this line. The above

equation may then be written in the form

—---- - - - - - - - -

~ 

-
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k eff 
= r~. k

W + -~~~ k
(2) + I k~” Io ‘9 o 9 o 9 o

k(2) k~
3
~(1) 5 3 0 1 0

= k 0 9
~~~~~k~

’
~~~~

9 k~~ V

Since the relative populations of atoms in the three levels of the 3P

ground state are given by

AEj/kT

~J E  —AE /kT
1 g1 e ±

where j = 2, 1, 0 and where the statistical weights g. are 5, 3, and 1 ,
k0 (2) k0 (3)

we can then calculate the ratios and ,.
~~~~~ 

. The e f fec t ive  overall
k~’ 

‘

absorption coeficient , k0°~~, is given by

k eff - k ( 1
~ 

s + 3e_ 2 2 5 / T A + e 326/ T
A 1

o - o 
9 .1

where TA is exnressed in °K.

Since k0, the line center absorption coefficient , is related to the

atomic oscillator strength (f—number) by

k - 
2Nne2 /fx~ f

mc Av 0 /E

Using recent measurements of f—number for the oxygen resonance transitions

of approximately I = 0.046, the effective absorption coefficient for 300°K

scatterers is 1.5 X l0~~~ [0] cm~~.

Figure 4 shows the effect of differing emitter—to—absorber tempera—

ture ratios on the effective absorption. This particular plot is based

on an assumed l600°K Doønler emission temperature and absorber temnerature

between 100 and 500°K.
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\ (2) DOPPLER EMISSION AND ABSORPTION
PROFILES
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S

S

1.0 I I I
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TA (°K)

Figure 4. CorrectIon factor resulting from unequal emission and absorp-
tion temperatures based on an emission temperature of l600°K,
Doppler line shapes, and negligible self—reversal either in-
side or outside the lamp.

With the physical basis for using the atomic oxygen resonance emis-

sions for the measurement of atmospheric 0 density having been established

in principle , the remainder of this report will deal wi th consideration of

natural competing background emissions, the hardware required to accomplish

an 0 density measurement, the calibration techniques necessary to obtain an

absolute measurement of 0 density, and f inally a discussion of the results
from a pair of flights based on the above.

BACKGROUN D RADIATION
p

Any radiation within the field of view of the detector of wavelength

within the spectral response and acceptance of the detector will have the

ef fec t  of adding unwanted backgroun d signal to the sought resonantly scat-
tered light signal, or in severe cases may saturate the detector and pre—

-~~~~~ -- . -~~~~~~~~~~ - VJ
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vent any measurement. Since measurements are desirable under both day and

nigh t conditions, it is necessary to have some estimation of the intensity

of background radiation .

Under daylight conditions the majority of energy within the vacuum

ultraviolet is solar related with two conditions which should be considered.

The first and most severe condition is when the solar disc is wi thin the

field of view of the detector. As shown in Figure 5, the solar spectrum

within the sensitive portion of the vacuum ultraviolet region of a typical

detector consists of primarily blackbody radiation (‘~ 5000°K) at wavelengths

140 nm and longer and line spectra at the shorter wavelengths. The dominant

line emissions from H, 0, C , and Si are all likely to be detected. Wave-

lengths shorter than 121.6 am H Lyman—ct are of little concern because of

the t ransmission cutoff  of  win~nw materials.

- I —

~~~ 

H iro

-~~ H L ~-y 
—
- 

-

H Ly -$. 
~-
‘ ‘3 MAR 959

~ 
H Ly-CO~1T om - 01 

- 
- _____ —U Id — — — — — 

~z I —

~~~~~~~ “1 ifl 1r~~~

d / —NRL
I-. -

~~
. / / AFCRC

9 
• /~~ 

-

g, I0 —i/—1 
—

~~~ _____________ . 1  _______ ________ ________ —

8° 100 120 40 160 180 200
WAV ELENGTH (nm)

V 

Figure 5. Solar ultraviolet spectral Irradiance above the Earth ’s atmo-
sphere observed with a photographic spectrograph (NRL) and a
photoelectric monochromator (AFCRC). The lines are shown with
an effective line width of 10 A. Reproduced from Naval Re-
searc h &zbora tory data .

The solar spectrum presented in Figure 5 represents the spectral ir—

radiance above the earth ’s atmosphere. As the atmosphere is penetrated ,
both scattering and absorption processes become significant. Tn particu-

lar , the H Lyman—a is strongly scattered and since the 0 transi t ions are
resonance transitions , these wavelengths are also strongly scattered.

Compared to the situation at the top of the atmosphere as the altitude
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is reduced, the intensity in the direction of the solar disc would become

attenuated while the intensity in all other directions would increase due

to scattered light. This situation continues with increasing optical

depth until the radiation is isotropic and absorption effects (largely

from 02) decrease the intensity at lower altitudes .

The optical depth of the 0 transitions approach unity at an alti-

tude of about 650 km and at an altitude of 100 km is well over lO~
[Strickland and Donahue, 1970]. It is therefore safe to say that the 0

radiation is isotropic at the altitudes in which our 0 measurements would

be made. The measured 0 height profile 0 resonance radiation due to

solar UV is shown in Figure 6.

10 : I

x AEROBEE DATA

x’ 0 JAVELIN DATA

/1

’ °\~~~~

O

\ 

-

~ $0
- 0

I I I
200 400 600

ALTITUDE (KM)

Figure 6. Smoothed experimental 1304 intensity height profile including
the low tube data of Fastie et al. [1964] and high altitude
data of Fastie [1968].

It migh t be expected that the other IJV emission lines and continuum

radiation would be scattered (Rayleigh), but not nearly to the extent of

a line involving a resonance transition. This means that a constant

Rayleigh scattered light background independen t of direction and a high

intensity source in the direction of the solar disc may be expected. In

- - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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all probability , ‘the 0 measurement at higher altitudes (above 100 km) V

with the detector looking at the sun would be difficult, but in other

directions could be made without great difficulty . As the altitude is

decreased , the measurement becomes more difficult.

The night background radiation is, of course , lacking the direct
solar radiation but has considerable scattered radiation. Scattered

hy drogen Lyman—ct, for example, has about the same intensity relationship
between day and night as does bright direct light and a cloudy day. In

addition to the prominent H Lyman—ct emissions, the 0 resonance radiation
triplet, an 0 emission (3P — 5S°) at 135.6 — 135.9 nut and N2 band emis-

sion all contribute to the background radiation. Although the airglow

is a function of altitude, latitude , and other geophysical conditions ,

all of the non H Lyman—ct radiations account for only a few hundred Ray—

lei~hs of background [Ricks and Chubb, 1970; Peek~ 1970]. The H Lyman—ct

emissions are on the order of less than one to several kilo Rayleighs.

The implications of the above considerations in terms of an antici-

pated count rate for a typical detector having a geometric factor (de-

tector area x solid field of view angle) of 1.7 x 10— 2 cm2 sr and an ef-

fective quantum efficiency of 1 x lO~~ over the spectral region of in-

terest is a count rate of ~ 25 counts/sec as compared with ‘~-~ iO~ counts!

sec for 0 density ‘c’ 1011/cm 3. This background rate is significant but

tolerable. It should be noted that the intensity of the night airglow

is a function of altitude because of absorption processes at the lower

altitudes. The emission profile of H Lyman—a and other prominent lines
are shown as functions of altitude in Figure 7. Although these measure-

ments were under auroral conditions, the emission was believed to be of

non—auroral origin, i.e., resonantly scattered solar emissions; and would

be , therefore , somewhat typical of the undisturbed atmosphere as well.

Similar behavior may be expected f rom all  vacuum ultraviolet emissions.

ATOMIC OXYGEN RESONANCE LAMP

The atomic oxygen resonance lamp would ideally produce high intensity

emissions at 130.2, 130.4, and 130.6 nm having theoretically predicted

amplitude ratios 1, 3, and 5. An emission temperature of the lamp ap-

proximately equal to the anticipated atmospheric 0 temperature would be

Lr : - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- - 
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Figure 7. Measured altitude profiles of prominent emissions from N2, H,
N, and 0 [Peek, 1970].

desirable from the standpoint of maximum effective absorption cross sec-

tion ; however, this condition produces scattering that is relatively sen-

sitive to atmospheric temperature variations which would then need to be

known. If the resonance emission temperature were quite hot in compari-

son to the atmospheric temperature, then atmospheric temperature would

be of little consequence in the scattering process. The effective cross

section would be considerab ly reduced , however.

Similarly, there is a compromise between the lamp intensity and

self—absorption producing non—gaussian emission l ine shapes which can

introduce considerable error into the predicted absorption cross sections.

If the 0 concentration in the lamp is low and the total pressure In the

lamp (0 , 0~ and any other carrier gas) is low, then the emission lines

have a pure Doppler shape but low -Intensity. If t he 0 pa r t i a l  pressure

becomes too large, then a portion of the generated photons will be ab-

sorbed before they can get out of the lamp . As mi ght he expected , those

photons having wavelen gt hs n ea r the li n e cen te r a re mo re l ike ly  to be

—4
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absorbed thin those in the skirts of th e line. This self-absorption re-

sults in an t~miss ion leaving the lamp which has abnormally wide skirts

and a suppressed line center. An indicator that self—absorption is be-
coming significant is a departure from the 1, 3, 5 line height ratios.
This occurs since the most intense line also has the most absorbing
atoms between the emitting atom and the outside of the lamp , thus in—

creasing its absorption coefficients relative to the other lines.

The lamp selec~ed for use in measurements reported here was de-

veloped by Xonics. The lamp consists of an RF excited low pressure dis—

charge in a flowing fill gas of inert carrier and oxygen. The entire

lamp including the oxygen supply is permanently sealed. Molecular oxygen

is generated in one of the arms of the lamp by heating a small quantity

of an oxygen—bearing solid. The heating is accomplished by a small temp—

erature regulated furnace which may be adjusted i o  produce the proper

oxygen release rate. This oxygen flows into a coaxial cavity having a

center electrode excited by high voltage RF exciter at approximal:ely

180 MHz. The resulting discharge which occurs primarily in a few Torr

pressure of inert gas dissociates the molecular oxygen and excites the

atomic oxygen resonance lines. The end of the coaxial discharge chamber

is sealed with a CaF2 window transparent to the resonance radiation but :1
largely opaque to hydrogen Lyman—alpha radiation (121.6 nut) which is dif-

ficult to avoid in any discharge lamp. The oxygen is removed from the

discharge chamber by a chemical getter active for oxygen but inert to the

carrier gas. This getter is located in a second arm attached to the dis—

charge chamber. With the combined operation of the oven controlled oxygen

generator and the getter, a dynamic equilibrium is established with oxygen

f lowing through the discharge chamber at a relatively constant and con-

trollable partial pressure.

As with any equilibrium condition a transient condition exists as

the process is started. In the case of the oxygen resonance lamp, the

lamp has insufficient oxygen at start—up due to the continued action of

the getter , but with virtually no oxygen being supplied with the oven off.

The typical start—up transient in terms of oxygen triplet intensity is

shown in Figure 8. The initial -Increase in intensity after start—up has

a time constant of approximately 15 minutes which varies somewhat from V

one lamp to the next . To allow time for stabilization , the oxygen lamp
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Figure 8. Typical start—up transient in an Xonics 0 resonance lamp.
The intensity is the total emission from all three resonance
lines. The lamp has been operated and then turned off for
several hours before starting this measurement. The charac-
ter of the start—up transient has been found to be a function
of this operating history.

must be on continuously for at least a half hour before flight . In addi-

tion to the start—up transient, there is a slow decay in the lamp inten-

sity with cumulative operating time. This slow deterioration appears to

have a time constant of typically 1 _~~~• Because of the cost of

lamps, and the required time e- involved, this deterioration

has not been studied in any detail. It is unknown how uniformly the

lamps deteriorate or how the line shapes, as evidenced by line height

ratios and doppler widths , vary during the aging process.

As indicated previously , the line height ratios provide an indica-

tion of the amount of self—absorption taking place and high intensity

and freedom from self—reversal are mutually exclusive. The compromise

arrived at for the lamps flown at Wh i te Sands is shown in the typical
spectrum in Figure 9. The line height ratios are approximately 1, 2 7 ,

and 4.3 with an on axis intensity of 7 x 1012 photons (sec sr )~~ from

all three lines together.

Since the emitt ing volume of the lamp is cylindrical and has a

length to diameter ratio of in the orde r of 3:1, it may be anticipated
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Figure 9. Measured lamp spectrum for a lamp typical of those flown for
0 measurements. The indicated line widths represent the
resolution of the spectrometer not the lamp . The line hei ght
ratios are approximately 4 . 3:2.7:1.

that the off—axis intensity would drop rather significantly. As shown

on the measurement in Figure 10, this is indeed the case . One migh t also
anticipate that the degree of self—absorption would also vary with the

off—axis angle since the emissions from deep within the lamp would be

blocked. This effect has not been measured.

V - V - - __ _~~~_~~~~~~~_~~~~~~~~ ~~~~~~~~~~~~~~ ~_ - 
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ANGLE FROM LAMP OPTICAL AXIS (DEGREES )

Figure 10. Measured lamp intensity 0 emissions from an Xonics resonance
lamp as a function angle from lamp optical axis.

The blo ck diagram shown in Figure 11 shows the elements involved
in the resonance lamp system. In addition to the oven controller pre-

viously mentioned, the lamp system has an intensity monitor based on a

photo transistor sensitive to visible oxygen emissions and a controllable

RF oscillator—amplifier to drive the lamp. The lamp oven controller, in

addition to providing the means of maintaining the oven at a fixed temp-

erature, also provides monitors of both the heater voltage and lamp oven
V temperature. These monitors are only relative and therefore do not aid

greatly in an absolute calibration . The RF oscillator may be externally

driven wi th a square wave for the purpose of turning the oscillator on

and off to modulate the lamp with-the desired frequency (0 — 1 kHz capa—

bility) and duty factor.

A photo t ransistor  sensitive in the visible and near IR is used to
p rovide a monitor of lamp intensity . Unfortunately , the transistor was

sensitive to too much radiation other than that relating to oxygen reso—

nance emissions and was both temperature sensitive and sensitive to am-
bien t ligh t entering the lamp . In the practical sense it could only be

relied upon to determine if the lamp was on or off.

- VV
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Measurement of the optical width of the lines due to Doppler broaden-

ing has been carried out on Xonics and other very similar lamps using an

Echelle spectrometer having a resolution of 4 mA [xonics , private convnuni-

cation]. After deconvolving the measured line width with the instrument

resolution, it appears that the emission temperature is in the order of

l600°K. It should be pointed out that actual measurements were not taken

on the lamps which were flown and the assumption that the measured lamps

and the flown lamps are the same (in terms of 0 pressure and RF excitation

levels , etc.) must be made f or want of better measurements. A knowledge

of instrument response as a function of rocket attitude and velocity has

produced evidence that the assumtion of a l600°K emission temperature is

not inconsistent with the data.

DETECTORS

Inasmuch as the function of the detector system is to transform the

scattered photon flux into a measurable electrical quantity (pulses,

voltage or current), the ideal detector would have high sensitivity to

only the resonance radiation while rejecting all other radiation sources.

It would be physically small to allow good definition of its field of view

and would have very wide dynamic range with cowplete linearity . Obviously

such a detector cannot be realized in the real world , but the above cri-

ter ia serve as a basis of j udgmen t f or the several possible detectors

which might be used.

Possible classes of detectors include solar blind photomultipliers,

geiger tubes , and curved channel electron multipliers. All of the above

devices are most naturally photon detectors as opposed to DC detectors ,

i.e., a single photon could result in the production of an electrical

pulse which could be counted. The photomultiplier, and to a smaller ex-

tent the channel electron multiplier , can also be used in the DC current

mode where the measured current is related to a time average of the detected

photon flux. Although the photomultiplier and channel electron multiplier

can be used in either mode, their linearity over wide ranges of input photon

flux rates Is substantially better in the photon counting mode. These

devices will therefore only be considered as photon detectors.
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Geiger Tubes

A Geiger tube is a gas—filled detector which can be designed for

the detection of vacuum ultraviolet photons. It relies on photoelectric

V ionization within an appropriate filling gas. The free electron is ac-

celerated toward a very thin wire anode by the field established by the
tube operating voltage . When the electron reaches a point near the wire

V where the field gradient is sufficient to allow the electron to achieve

sufficient kinetic energy between collisions to produce ionization, a

Townsend avalanche is initiated. The discharge is terminated by a number

of mechanisms including a drop in the anode voltage, expansion of the

positive ion sheath from around the anode altering the potential gradient,

and energy absorption in dissociating quenching gas molecules in favor of

continued ionization.

As a first order approximation , the spectral response of a Geiger

tube will be the combination of the photoionization yield for a filling

gas and the transmission of the entrance window. Possible filling gases

and their ionization potentials are listed in Table 1.

Table 1

IONIZATION POTENTIALS FOR GEIGER FILLING GASES

Ionization potential
Substance ev nm

He 24.58 50.43

Ne 21.56 57.49
Ar 15.76 78.67
12 9.28 133.6

NO (Nitric Oxide) 9.25 134.0

C6Hb (Benzene) 9.25 134.0

CH 3N112 (Methyl amine) 8.97 138.2

C2}15NH 2 (Ethyl amine) 8.86 140.0

If a f i l l ing gas is chosen which has an ionization potential near
but below the energy carried by the oxygen triplet , th en the detector
stxtuld be virtually blind to all wavelengths longer than the cutoff.
This is very desirable in that it could all but eliminate difficulty from
atmospheric emiss ions, scatterings, and other sources of radiation In the
mesosphere.
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Unfortunately , not all gases are usable in a Ceiger tube. The

filling gas must not easily form negative ions or the photoelectrons

may be lost before they have a chan ce to In It Inte an ~iv~I lanche and he

counted. Furthermore , the gas should have an optical dep th as deter-
mined by its cross section and pressure chosen to produce high probability
of interaction within a short distance of the anode wire . In many cases
it is necessary to add an inert (chemically and optically) gas such as Ne

to improve the Geiger tube characteristics. Tubes have been made using

such combinations as 3% NO and 97% Ne. The stability of such tubes has

been relatively poor, presumably due to such effects as dissociation of

NO forming N and 0 and ultimately NO2 and N2. The alteration of species

within the counter then leads to unstable performance [Sajneon, 1967].

The short wavelength cutoff of the geiger tube is established in

general by the transmission cutoff of the entrance window. Within the

portion of the spectrum in which the oxygen resonance triplet exists,

the re are very few choices of materials which are transparent. Three of

these materials are L1F, CaF2 and MgF2 with typical transmission curves
as shown in Figure 12. CaF2 has the useful property of having a cutoff

wavelength that is noticeably temperature sensitive. At elevated temp-

eratures CaF2 is relatively opaque to hydrogen Lyman—n at 121.6 nm.
This can be usefully applied to reject the substantial Lyman—n inten-

sities found in both the day and night skies.

Further design considerations are indicated in the cross sectional

drawing of a Geiger tube shown in Figure 13. This tube is shown with a

fine wire (3—4 mil diam) anode positioned a short distance behind the

entrance window. Only in the close vicinity of the thin wire is the

potential gradient steep enough to allow an avalanche to take place.

This is labeled the electron multiplication region. Surrounding this

multiplication region is an active volume in which a photoelectron will

have a high probability of drifting into the multiplication region be—

fore loss by attachment. Outside the active volume the probability of

a photoelectron initiating an avalanche is low. Since the energy of

oxygen resonance radiation is capable of producing photoelectrons from
any metal or other material from which a Geiger tube may be manufactured,

V 

the tube will be sensitive to the radiation if the active volume extends
to the outer walls. Photoelectrons from the walls can result in sub—

L~ . -~~-V
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Figure 12. Transmittance of various window materials for use in the VUV
with CaF2 and LiF being shown as functions of temperature
[Samson, 1967].
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stantial sensitivity almost all of the way to the visible spectrum. Such

sensitivity would be disastrous to an atomic oxygen measurement.

The tube shown in Figure 13 is design ed to min imi ze the likelihood

of photoelectrons from the walls being able to produce avalanches. The V

philosophy is to keep the active volume removed from all materials not

at anode portential. Where this is not possible, an auxiliary collection

anode is inserted to cause any photoelectrons produced on the walls to

be attracted to the collection anode as opposed to the active volume. 
V

The collection anode would have large radius surfaces to prevent ava-

lanche to the collection anode. Any photoelectrons released from a ma—

terial at anode potential cannot be accelerated and thus will not produce

an avalanche. V

It Is necessary to limit the field of view of the Geiger tube using

an external baffle to prevent the generation of photoelectrons from por— - 
-

tions of the wall not easily collected by the auxiliary anode.

In order to provide an accurate measurement with good spatial reso—

lution on a rapidly moving vehicle like a sounding rocket, the detector

count rate needs to be high . A minimum of 100 counts per space or time

interval woul d be considered necessary for 10% statistical accuracy .

The detectors need to handle count rates of up to lOb counts/second to

meet both dynamic range and accuracy requirements for a one second re-

solving time (~ 1 km spatial resolution). A Geiger tube is poorly suited

to meet these requirements. As shown in Figure 14, the time ininediately
following an avalanche the potential gradient near the anode wire Is re—

V 

duced because of reduced anode voltage, and because of the presence of

a positive ion sheath. Avalanches which should be produced by photoelec-

trons during this time are drastically modified. For a period of time

aftei~ the initial avalanche the field gradient is so low that no other

avalanches can be initiated. This is defined as the dead time of the

tube. After the dead time is a period of time in which the avalanche

amplitude will be reduced although photoelectrons may still be counted

with appropriately sensitive electronics. This time is the recovery

time of the tube. Because of these effects, Geiger tubes can rarely be

used at count rates exceeding lO~ counts/ secon d with rates of 2—3 x lO~
counts/second being more typical of maximum operating points without

severe corrections being applied to the data to account for dead time.

- - V
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Figure 14. The recovery characteristics of a Ceiger tube showing as a
function of time from a proceeding count the period of time
in which no additional count may be initiated , and the period
of time in which a count may be initiated but which has a
lower amplitude .

The minimum count rate which might be expected in the mesosphere is in

V the order of 1 count/second due to cosmic radiation.

In order to achieve a usable accuracy and dynamic range with Geiger
de tectors , it would be ne cessary to use at least two detectors having

V 
geometric factors (detector area x solid field of view angle) d i f fe r ing
by a ratio of perhaps 100.

In eval uat ing the Geiger tube detector approach In comparison to
other alternatives, i t  appears that ‘~eiger tubes have excellent potential

V for high sensitivity (high quantum efficiency) and unequalled ability to
reject photon s of both short and long wavelengths . It must be emphasized
that the sensitivity to proton s wi th in  the 2 ,000 to 4 ,000 A region must
be many orde rs of magnitude down from that  at the oxygen resonance line .
Whether this degree of blindness can be achieved is very much in question .
The deve lopment work has not been done here and no manufacturer could be
found that could provide assurance of suff ic ient  solar blindness without
the time and expense of development. The dynami c range is comparatively

V - -  - - --V --~~~~~~~~~~ --— -
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poor req uiring the complication of multiple detectors. In consideration

of the above , the fairly risky and time consuming development of a tech-

nique with good potential was rejected for the time being in favor of

techniques which were better known.

Pho tomul tip lie rs

The photomultiplier is probably the most extensively used photon
detector , not only through the visible and near IR, but also well into

the vacuum ultraviolet to the cutoff of Lithium Fluoride (‘-‘ 105.0 nm).

Its combination of high efficiency photocathode and large electronic

gain make it an exceptionally powerful and useful device.
Under ideal circumstances the spectral response of a photomultiplier

which might be used for the detection of oxygen resonance radiation would
be determined by the combination of the short wavelength cutoff of the

entrance window (as discussed previously for the Geiger tube) and the V

spectral response of the photocathode material. The most commonly used

photocathode materials are the alkali halides and, in particular, CsI

and KBr. The response of these materials is shown in Figure 15. When

combined with a lithium f luoride window , the published (EMR) response
characteristics of typical tubes are shown in Figure 16.

As may be noted by a comparison of Figure 16 with Figure 15, the

spectral response starts leveling off slightly in the vicinity of l0

quantum efficiency. This is somewhat unexpected from the response of

the photocathode itself. As shown in Figure 17 which shows the quantum

efficiency for a number of materials which might be found in a photomulti—
plier, nearly all materials have a significant quantum efficiency . Inas-

much as the photomultiplier envelope and internal structure , particularly

the first dynode, may receive a significant flux of photons resulting In

unpredictable response in the mid—ultraviolet where extremely low response

is very critical. Measured quantum efficiency in the mid—UV is typically

in the order of 10— 6%.

The photomultiplier is without doubt the fastest responding and

widest dynamic range detection device of any to be considered. Photon

counting rates well beyond 106/sec are obtainable without difficulty .

The quantum efficiency is also at least as high as any of the other de—

- - V ~ - - -
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vices and in most cases higher. Its response to the mi d— UV is signifi-
cant and not readily controlled or predicted. The phototubes meeting

the selection criterion are also costly and with unpredictable delivery

(if available at all). These uncertainties led to the rejection of a

photomultiplier as the detector for the atomic oxygen system.

Curved Channel Electron Multipliers

The curved channel electron multiplier (CEM) is based on a simple

curved capillary glass tube coated internally with a semiconducting ma—
terial which serves as a continuous dyno de replacing the comp lex multiple

dynode structure of conventional electron multipliers and photomultipliers.

The CEM has in addition to very high gain (~ 108) a very low background
count rate. The CEM is sensitive to electrons and ions with nearly

100% efficiency. It is also sensitive to vacuum ultraviolet radiation

between .2 nm and 150 nm. The published quantum efficiency shown in

Figure 18 indicates that the CEM would have slightly less than 1% quantum
efficiency at the oxygen resonance wavelengths. The short wavelength ef-

ficiency which continues to climb with decreasing wavelength could be ef-

fectively limi ted to the cutoff of whatever entrance window material was

selected. As indicated previously, heated calcium fluoride would be a
good choice inasmuch as it has good transmission at the 0 wavelengths,

but is nearly opaque at 121.6 nm. The relatively rapid and continuous V

V quantum efficiency decline at longer wavelengths is valuable In decreasing

the effects from undesired atmospheric and solar emissions.

The CEM has relatively good dynamic range capability as shown in

Fi gur e 19 in that it is capab le of counting at rates in excess of l0~
counts/sec before the pulse height drops significantly. With sufficiently

low ele -tronic pulse height discrimination levels, count rates up to 106

• per second are possible. Inasmuch as both the maximum count rate and

the dark count rate are reduced by about the same factor from those of

a solar blind photomultiplier, both the CEM and photomultiplier have

about the same dynami c range . The photomultiplier will have somewhat
better statistical accuracy owing to the smaller normalized standard

V 
deviation obtainable with the photomultiplier’s higher count rates. V

Inasmuch as the CEM requires hard vacuum (l0~~ Torr or less) for
proper operation and such pressures do not exist in the lower mesosphere,

_ _ _  - -  - - - - -- - --
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Figure 18. Manufacturer’s published CEM quantum efficiency in the
vacuum ultraviolet.
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it is necessary to mount the CEM in a permanently sealed evacuated enve-

lope. In order to maintain hard vacuum, gettering will be required

which is a significant complication in what would otherwise be a rela—

tively simple and straightforward detector.

Since the “photocathode” of the CEM is an integral part of the de-

vice and is in reality also a distributed dynode, there are some unique

capabilities which may result in very low response to mid—UV and visible.

The photoemissive dynode material (a high lead conten t glass) appears
unlikely to have any significant emission in the mid—UV and visible.
Furthermore, the input to the CEN may be biased negatively with respect

to the vacuum tight envelope and all other internal components so that

photoelectrons from these areas would be very unlikely to enter the CEM

and produce counts. In this manner the overall spectral response of the

CEM will be due only to the photoemissive material.

The CEM is comparatively small , ligh t , and only moderately expensive. —

Although the CEM will require a gettered envelope which Is an additional V

complication, a pressure—tight housing would also be required to prevent

difficulties with exposed high voltages on both geiger tubes and photo—
multipliers. For these reasons the CEM was selected as the detector to

be used for the atomic oxygen measurement.

CEM Detector Design

The CEll chosen for the 0 detector was a Galileo Electro—Optics

Model 4013. This i ultiplier is bent in a 2700 segment of a circle with

an outside diameter of 1.8 inches. The input is flaired into a funnel
V having an outside diameter of .15 inches. As shown in Figure 20, the

CEM is mounted in a stainless steel housing with a high voltage feed—

thro ugh f rom a pressurized compartment housing a high voltage DC—DC con—
verter. The feedthrough comes through the center of the CEll and also

provides a mounting surface for the CEM. The CEM is mounted on a teflon

V 
washer since the outside of the CEll has the same semiconductive coating

as the inside and mounting to a conductive surface is prohibited. The

position of the CEM on the teflon washer is determined by three teflon V

insulated spring clips.

Since a good vacuum environment is absolutely necessary for proper
CEM ope ration , considerable care is exercised in the assembly to avoid

_ _
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cotitamination from high vapor pressure materials and especially finger-

prints . All internal metal components are cleaned prior to assembly by

blasting with glass beads. The vacuum seals are by Viton 0—rings which

are totally f ree of grease to allow the entire assembly to be outgassed
V at moderate (~~ 

350°F) temperatures during pumping.

The LIV entrance window is a commercial bakeable CaF2 window in a

Varian conflat f lange which has been slightly modified to minimize the

window to detector separation distance . Provision is made in the window

mounting for the addition of heating and/or auxiliary filters whi ch are

required for measurements under daylight conditions.

After assembly the detector is pumped for approximately 20 hours ,

utilizing a liquid nitrogen trapped helium mass spectrometer leak detec-

tor. This provides not only a clean pump ing system, but also the ability

to determine the presence of leaks . The majority of the pumping is done

whi le the detector is held at 350°F in an oven. After  the pumping and

outgassing process is completed, a barium (~ 5 mg released barium) getter

Is outgassed by passing current through the getter of a magnitude just

below where barium would be released. After the evolved gas is pumped,

the getter curren t is increased to release the metallic barium. The

getters are shielded to prevent barium vapor from reaching the CEM and
altering its performance . Particular attention is given to preventing

barium vapor from reaching the entrance cone where it could materially

alter the CEM spectral response. As soon as the getter has been flashed ,
the detector tubulation is pinched off from the pump .

During the pumping operation , considerable diff icul ty was experienced

V 
with leaks . In most all cases the leaks were not in the welds or seals
whe re they might have been expected , but were directly through the ma—

chined stainless steel housing. The leaks would most often not be ills—

• covered until the detector had been baked , and in a number of cases only

during b ake . These leaks were evidently due to a defect running along

the axis of the stainless steel bar fro m ‘~ihich the housings were machined.

In some cases the leaks could only be sealed from the outside using a

vacuum epoxy (Varian Torr Seal) . Although this is a very undesirable

procedure from the standpoint of producing a clean vacuum, it was suc-

cessful and resulted in detectors that remained operational for several

months before they were f inally f lown .
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Additional rejection of both Lyman— z at 121.6 nm and mid—ultraviolet
may be obtained by including an interference filter In fron t of the detec-
tor. Although vacuum UV interference f i l ters  are a relatively new tech — V

nology , some improvement may be realized at the expense of a loss In
sensitivity. The filter shown in Figure 21 was built on a CaP2 substrate
2 nmt thick by Acton Research. It has a 19.5% p eak transmission at 130.4 nm

and a bandwidth of 16.5 nm F.W.H.M. at 78 F. This bandwidth can be expected
to reduce as the filter is heated due to a shift in the short wavelength
cut—off of the CaP2.

25 
1 1 1 1 1 1 1 1  I ’

— 19.5 % T 0 $304 (nm) —

2 0 —  -

~~~ I 5 —  —

~~~I 0 —
(nm)

I-
5 —  —

0 I I i I i
100 120 140 ISO ISO 200 220

WAVELENGTH (nm)

Figure 21. Spectral transmission of a VUV interference filter built
on a CaF2 substrate at 78 F. As temperature is increased,
the shorter wave length cutoff will increase further decreasing
the bandwidth and improving the rejection of 121.6 nm H
Lyman—a.
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PAYLOAD DESIGN

Some of the guiding requirements dictating the payload design for

the initial test flights of the atomic oxygen system were the necessity
of using a relatively small (6” diameter) Astrobee D motor , a Whit e
Sands Missile Range launch site , achieving an altitude of at least

120 km , and an attempt at both day and night measurements.

Inasmuch as the single stage solid fuel Astrobee D is not capable
of altitudes much above 100 km wi th a pay load weight of 30 lbs., con-

siderable attention was given to making the payload as light as pos-

sible. The Astrobee D also has high velocities at relatively low alti-

tudes, and aerodynamic loading and skin heating are significant design
considerations.

The general configuration of the instruments was a horizontally

mounted light source with the detector mounted below , viewing a segment

of the light beam. This required a single door to be opened In the skin

rather than ejecting a portion of the nose cone for  a forward looking

configuration. The payload configuration is shown in Figure 22. The

atomic oxygen resonance lamp and detector are side—looking with an inter-

section point for the conical fields of view being six Inches from the

resonance lamp exit window . Immediately above the resonance lamp and

looking through the same ejectable door is either an IR horizon sensor

for night flights or a solar aspect sensor for daytime flights to help

in determining the payload attitude. A magnetic aspect sensor mounted

across the longitudinal axis of the rocket also aids in determining the

vehicle dynamics.

All of the electronic circuitry for payload control , monitoring ,

and signal conditioning are mounted on open cards above the magnetic

aspect sensor. The open card approach was chosen in favor of putting

the electronics in an enclosed box mounted to a deck because of space

and weigh t considerations. Power for all of the electronics including

telemetry and the resonance lamp is supplied from a set of LA—Hr NiCd

batteries. Above the payload batteries is the electronics pertaining

V 
to the resonance lamp with the exception of the RF power oscillator

which is located in the same housing as the resonance lamp. A separate

NiCd battery to operate the guillotine used to open the door Is located



- - --— - -~~~ - - ~~ -~ -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V. V.~ V.V. - VV-~~VV V.V- ~~~~ 

~~~~~~~~ 
— -- -

~~~~~
-- - ‘1II~~

38

ATOMIC OXYGEN RESONANT V..
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Figure 22. Astrobee D payload carrying a resonant scattering atomic
oxygen measurement. 
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along with an acceleration activated switch in the far  forward portion

of the payload.
At the far back end of the payload in a section that is readily

separable is the telemetry transmitter and ranging receiver. The trans—

mitter operates at 2269.5 MHz in the S—band at 2 watts output. Five

fm/ fm IRIG subcarriers were used and the antenna was a circularly po—

larized flush mounted strip line. Details of the telemetry assignments

are included in the appendix.

Atomic Oxygen Instrumentation Electronics

In order to separate the signal contribution from steady background
sources , it Is necessary to use a 50% duty cycle modulated light source.

The counts measured with the lamp off may then be subtracted from those

with the lamp on to find the true amount of scattered light. Since a

subtraction will be necessary and also because of the wide dynamic range

of the measurement, a digital data handling approach is most appropriate .

The hybr id PCM , PAM format sho~m in Figure 23 was selected for its ver-

satility and ease of Implementation . The format consists of frames of

24 bit digital binary outputs at a rate of 50 frames/sec (1200 bps).

Not all of the bits carry detector count rate information in tha t five

bits per frame are used for a PCM/PAN synchronization. These sync bits

are a zero (lower band on an fm/fm channel) followed by three ones (upper

band edge on an fm/fm channel) followed by another zero. All other bi—

nary data bits are only about 70% of upper band edge for a 1 and lower

band edge for a 0. The characteristic synchronizing bit pattern will

allow PCM decomxnutation and the amplitude differences between synchro-

nizing and data bits will allow PAM decousnutation in the same was as a

standard PAM multiplexer may be handled.

The binary data which is in reality a count of the detector output

during one—half of the lamp modulation cycle is presented most signifi-

can t bit  f i r s t  wi th the first bit (which would have been 218) always

high . All other bits from 211 to 2~ are valid data b i t s .

Since the lamp wil l  be square wave modulated with a 50% duty cycle

at a 50 Hz rate , the lamp will be on for 10 ma and off for 10 ins. This

mean s that the binary number in one data frame when converted to decimal

and mul t iplied by 100 wi ll be the detector count rate in counts/second.

_ _ _ _ _ _ _  
_
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Figure 23. Hybrid PcM/PAN digital format used. The count rate is straight
binary coded and represents counts/ 10 2 sec. Two such simultane-
ous formats are produced providing a separate channel for both
lamp on and lamp off conditions. This format may be read by both
PCM equipment as well as by PAM decommutation devices.

The binary output shown in Figure 23 represents a count rate of 17,700

counts/second.

Rather than accomplish the subtraction of background count rate from

lamp on count rat e, the count rates will be sent in parallel (clocked out

simultaneously) through two separate fm/fm telemetry channels.

The circuitry required for the above imp lementation is shown in

Figure 24. The signal from the CEN is a quantity of charge of approxi-

mately 108 electrons or 1.6 x 10—1 1 coulombs. This charge is fed into

an operational amplifier integrator having a feedback capacitor of about

5 pf and is in pa rallel with a 200 meg resistor. The resulting output

is a voltage step of approximately 3.2 volts decaying with a 3.2 ins time

constant. This waveform is differentiated and integrated through 5 jisec

t ime constants which produces a standard pulse shape without serious

overlap up to l0~ counts/sec while eliminating virtually all low frequency

drifts and noise . If the pulses exceed a predetermined threshold , they
are amplified , squared , and sent to a set of steering gates . When the

lamp is on , the gates direct the count signal to a 18 bit binary counter

which acctinulates all of the counts during the 10 ma on period. If the

- -V -V - -V - ~~~ -V
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lamp is off., the counts are directed to a similar accumulating counter .

The logic gates steering the counts to the proper counters are con-

trolled by a master system clock . This clock p rovides the drive for  the

lamp modulator and for all of the system conL 1 logic. Additionally,

it provides the 1200 bps clocking for the data output to telemetry.
The accumulated counts are transferred in parallel into a 24 bit

shift register. Since only 18 data bits transfer, the remaining positions

in the registers are filled by wired inputs with the appropriate ones and

zeros to form the frame synchronization. The shift  register contents are

shif ted our serially to the telemetry system through a variable gain amp— V

lifier which causes the frame synchronization bits to pass at ful l  amp li—

tude required for b and edge to band edge modulation of the telemetry sub —
carrier. All other bits are passed with reduced amplitude.

The remaining electronics are associated with monitor circuitry ,

contro l circuitry, and pyrotechnic timing circuitry and are not unique
to the atomic oxygen payloads. Consequently, they will not be described

in this report. Calibration information on all monitors is included In

the appendix.

SYSTEM CALIBRATION

There is a considerable number of factors which must be taken into 
V

account in order to obtain a valid relationship between a detector count

rate and atomic oxygen density. Obviously the simplest calibration would

be to operatethe pay load in a kn own atomic oxygen environment to obtain

the needed calibrations. Unfortunately, a known atomic oxygen environment

is not easily obtained. The extremely reactive nature of 0 necessitates

a low pressure flowing system. The large scattering volume represented

by the intersection of a ligh t emission cone and a detector f ie ld  of viey

cone would require a large flowing volume with uniform atomic oxygen den-

sity. These requirements when coupled with cost and time considerations

forced the decision to seek secondary calibration techniques.

The calibration method utilized involved determining all of the

phys ical parameters involved with the scattering system and then from

the fundamental  physical principles of resonant scattering derive a
“ transfer funct ion” between count rate and oxygen density . The scat-

- - -



— - -V -V ~~~~~~~~~~~~~~~~~~ 
—-V — —---V-V. - V.— 

~~~~~~~~~~~~ 
-V-V V. — - _ _ _ _ _ _

- -- V .  _—~~~ V.

43

tering process itself as previously described requires a knowledge of

such items as listed in Table 2.

Table 2

EVALUATION OF RESONANT SCATTERIN G PARAMETERS

Resonant Scattering Parameter How Evaluated Accuracy

Oscillator strength (f—number) Published measurements Very good ~ ±2%

Scatterer temperature Atmospheric mode ls Fair

Lamp emission temperature Line width measurements Fair to poor
on similar lamps and 

V

modulation in the data
due to Doppler effect
from the rocket
velocity

Emission line shape (pure Emission line height Fair
Doppler with negligible ratios and knowledge of
self—absorption) lamp operating condi—

tions

Although this table does not reflect all of the assumptions required

in describing the resonance interaction, it does include some of the more

importan t parameters with associated assumptions and an indication of how

reliably they were obtained.

In addition to the above parameters relating to the resonant—scattering

interaction , other parameters must be evaluated which are of a geometrical

nature resulting from the physical configuration of components within the

payload and the responses of the components. These other parameters are

summarized in Table 3.

As indicated in Table 3, one of the important parameters needed for

data evaluation is an accurate measure of lamp intensity. This was ac-

complished in a large vacuum chamber where the resonance lamp could be

placed at a distance of approximately one meter from a calibrated photodiode .

By knowing the diode quantum efficiency, geometry, and diode current, the

lamp intensity could be calculated. Several types of diodes were used as

cross calibrations. One was an aluminum oxide diode calibrated by NBS

at a number of wavelengths including H Lyman—cc at 121.6 am which was the

longest wavelength measured. It was therefore necessary to extrapolate

I
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Table 3

EVALUATION OF GEOMETRICAL AND COMPONENT RESPONSE PARAMETERS 
V

Parame ter How - Evaluated Accuracy

Lamp intensity Calibrated diode and geometry Fair (± 30%)

Detector Quantum 0 lamp , geometry, and detector Fair to poor
Efficiency sensitive area (± 50%)

Lamp intensity varia— Measurement with standard diode Good
tion with angle off
optical axis

Scattering geometry Measurement of lamp emitting di— Good
mensions, optical baffle dimensions
and positions, angles between light
source and detector axes

Second order geometry Calculated from measured geometry Good
effects (ligh t source
being partially ob—

V 
scured by its optical
baff le  near the edges
of the light cone,
etc.)
Attenuation of lamp From measured [o] effective cross Fair

section and geometry I _____________

the response about 11.9 nm to the oxygen wavelengths. Another diode pro-

duced by EMR was used before, and finally a pair of LiF window NO—filled

ionization chambers were used since their QE at 121.6 nm was reasonably
well—known and the response of NO between 121.6 and 130.6 nm has been

measured.

Unfortunately , none of the diodes were well— calibrated for our pur—

pose and their agreement was not particularly good. All of the detectors

excep t the NO cell were not only sensitive to the oxygen triplet , but were

also sensitive to the emission of significant intensity at 135.2 am. Since

the vacuum system had to be opened each time the measurement set—up was

changed (which required nearly a half day ) and the lamp could not be lef t
running, part of the variations were certainly due to variations in the

lamp itself. For the above reasons the accuracy in the absolute lamp in—

tensity measurements was not better than ± 30%.

The emission spectrum of a typical lamp is shown in Figure 9. As
ind icated , the line height ratios are 4.3 , 2 .7 .  1, and the measured on
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axis intensity was 6.2 x 1012 photons (sec steradian).

The variation of lamp intensity with angle from the optical axis

was measured with the same setup used for the intensity measure—

V 
ments except that the lamp could be rotated to any desired off—axis

direction. The results of these measurements are shown in Figure 10.

It should be noted that only four points were actual ly measured due to

the vacuum system cycle time and that the distribution was considered

to be cylindrically synmietrical about the optical axis .

The detector quantum efficiency was measured using the previously
measured oxygen resonance lamp as a light source . In this case the

detector was located at a distance of approximately 3 meters from the

lamp . Inasmuch as the photon flux was larger than was desirable , a

precision etched metal screen of approximately 100 mesh and very well

known transmission (9.13% transmission) was used directly in front of

the detector window . Af ter evaluating the geometry , it appeared that

the detector quantum efficiency was significantly (a factor of between

4 and 8) below that which was anticipated from the published quantum

efficiency. Furthermore, the measured quantum efficiency was much more

voltage sensitive than was anticipated for a photon counting system.

Several different effects could account for the low measured quantum

efficiency. These include attenuation in the vacuum chamber due to N2
and 02 and also perhaps to contaminants such as diffusion pump oil (the

chamber was refrigeration trapped). The more likely source of low quantum

efficiency was discovered after consulting with Galileo engineers and

was supported by the larger than expected change in count rate with

changing CEM operating voltage.

As shown in the cross section of the entrance cone to the CEM in

Figure 25, the potential gradient is determined by the resistance of

the semiconductive coating on the surface of the cone. Near the mouth

of the cone there is a considerable lower potential gradient than further

down in the cone. The lower gradient reduces the probability that sec—

ondary electrons will be produced when the initial photoelectron strikes

the wall. Since the field gradient in the cone is directly proportional

to the CEM operating voltage, the probability of producing secondary
V electrons from the initial photoelectron also increases . The response

of the CEM in terms of an overall quantum efficiency can be thought of
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Ov
I 25V

400V

FAiLURE OF PHOTOELECTRON
TO PROCUCE AN AVALANCHE

Figure 25. Since the potential gradient along the CEM entrance cone is
nonlinear with distance and the lower gradient is nearest to
the cone mouth, the probability of producing a photoelectron
which will fail to initiate an avalanche is considerably
higher near the mouth .

as the product of the photocathode quantum efficiency and the secondary

emission efficiency of the photoelectrons. This secondary emission ef-

ficiency for the photoelectrons is a function of the CEM entrance funnel

shape and also the position on the funnel that the photoelectron is gener-

ated. This effect is analogous to the first dynode collection efficiency

in a conventional photomultiplier. Although the reduced overall qunatum

efficiency due to reduced secondary emission efficiency was known to the

manufacturer, we were unaware of the problem and its relatively simple

solution used in photon counting applications : addition of a straight

0. 15—inch extension to the fron t of the CEM entrance cone to produce a

field configuration more favorable to increased secondary emission eff i—

cien cy .

Although neither the lamp intensity nor the detector quantum effi-

ciency or actual detector area could be measured with very good accuracy,

the ability to accurately measure atomic oxygen is not correspondingly

impaired. This is true since the detector count rate in an atomic oxygen 
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measurement is proportional to the product of the lamp intensity and the

detector quantum efficiency , and if this product is accurately known ,
then the accuracy of the individual factors is irrelevant. Wh en the

detector quantum efficiency was measured using the resonance lamp and

V the actual detector in simple geometry, in effect , this important product

of intensity , efficiency, and detector area was being measured with very

good accuracy (better than ± 1%).

The remaining considerations to be evaluated are those relating to

geometry, i. e., the lamp emissions as functions of angles , and the de-

tector field of view again in relation to the lamp emissions. The ap-

proach taken to all of these scattering geometry considerations was to

include all geometrical relations for the lamp and detector together with

an effective scattering cross section and an assumed 0 density and in-

corporate them into a computer model to calculate the anticipated count

rate . Attenuation of the primary ligh t beam and the scattered resonance
V radiation were included as a first order approximation to what could be-

come a complex radiative transport problem. This simplification is rea-

sonably well justified in that even at maximum anticipated 0 density the

factor k0L is small. Similarly, line broadening was ignored in favor of

considering the lines to have a Doppler distribution.

The geometry of the intersection of the light source and detector

fields is shown in Figure 26. Since the aperture determining the emission

cone from the lamp is near the lamp and the lamp exit window is large ,
the be am is not sharply defined. The center section of the beam (9.9°

full angle) is all that is not occluded by the lamp aperture. In the

region behond 9.9° out to 62.2°, the lamp emissions are partially oc-

cluded by the aperture . A similar situation exists with the detector

except that the detector area is much smaller with a much larger distance

to the aperture. In the case of the detector , the unoccluded angle is

12° and the angle to the outer edge of the partially occluded region is

14.80.

Inasmuch as the computer program performs a numerical integration

of the photons from elemental scattering volumes that reach the detector ,

i t  is necessary to accurately define the occlusion processes. This is

especially important in the primary beam since it has a very large por-

t ion of the beam partially occluded.
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i — R EGION OFV 

/ PARTIALLY

~~ / OCCLUDED
- / LIGHT SOURCE

SCATTERING 

DETECT~~~~~

VOLUME

Figure 26. Intersection of two conical fields, one from the light source
and the second being the detection field of view. The inter-
section of these fields is the scattering volume for which an
evaluation must be made for all regions — those with no occlu-
sion and those with partial occlusion.
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The variation in lamp intensity with angle from the optical axis

due to occlusion reduces to a geometrical problem consisting of two

apertures having radii RA and RD as shown in Figure 27. Since there

are no non—linear effects involved and the geometry is reciprocal,

it follows that the throughput of the pair of apertures makes no dif-

ference which direction the light may be traveling. The effects of

geomet ry are most readily visualized by consider ing a sour ce of parallel
light rays at an angle 0 from an axis normal to the two apertures and

passing through their center. The amount of the projected aperture of

radius RA overlapping the aperture RD defines the fractional throughput.

The variation in fractional throughput as a function of 0 defines the

manner in which partial occlusion due to the aperture reduces the off—

axis lamp output.

~~~~~~ 

~~~~~~~~~Aperture 

Detector

Seporat ion + V

~~ 
4

s Projection

V. 
— 

‘ of Aperture
4’ X

A05
4
AAS

Figure 27. The regions of partial occlusion may be treated by an
analysis of the throughput from two apertures as a point
light source at infinity travels through an angle 0 varying
from 0 to 90°.
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Figure 28 shows the calculated lamp intensity as a function of

angle 0 compared with an assumed linear decrease in intensity with

between 0min (no occlusion) to ~~~~~ (total  occlusion) . Obviously good

accuracy in defining the atomic oxygen sca t te r ing  processes requires

the use of the calculated lamp intensity . Since the lamp output exclu-

sive of any occlusion due to baffles is directional due to the shape of

the emitting volume as shown in Figure 9, this variation in intensity

must be combined wi th the occlusion to determine the total effect.

I I I 1
11111I .0 uU.UU -I.. ~ UF~~~~~~~~~~

0.9
>-
~~~~~OV8 —

Z
0.7 — TWO DIMENSIONAL ~~~~~

Z 
RESPONSE FUNCTiON-

— 0.6 — ASSUMED LINEAR BETWEEN
~~MIN AND 4MAX

0.5 — —TWO DIMENSIONAL RESPONSE
FUNCTiON GENERATED BY

w 0.4 — CONVOL.UT)ON PROGRAM—
CNVFN

~~~~0.3 — 
.
“ —

H N
~~~0.2

——

0 I I I I I I ~
0 309 614 9.28 1238 I5~47 1856 21.66 24 75 2 .85 3094

DEGREES

Figure 28. Calculated variation of lamp intensity as a function of angle
due to partial occlusion by the baffle in front of the lamp .
This assumes an isotropic light source and does not include
the effects of lamp directionality shown in Figure 10. Also
shown is a linear approximation to the occlusion effect.
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Once the light source and detector field of view geometry have been

characterized by the above described techniques, the process of numerical

integration over the scattering volume can be accomplished. Figure 29

shows the scattering geometry in detail including the coordinate systems

used in the integration. Integration is done by considering a small

integrating element ~V (DV in program). The complete computer program

is included In Appendix A. As shown in Figure 29, the origin is located

at the nearest point of intersection of the two cones. As long as the

element is located inside this intersection , the integration is accumulated.

The origin was chosen to accomplish this by stepping in the negative “y”

direction until outside the intersection, stepping in the “z” direction

when “y” stepping leaves the intersection and after setting “y” to zero,

V 
and the stepping in the “x” direction when the other two directions ex-

ceed the intersection. To accomplish the integration efficiently, the
— length of the sides are doubled each time the distance from the origin is

doubled.

In order to determine whether the AV is inside the intersection of

the two cones, the subroutine DCONE and SCONE are used. These subrou— V

tines convert from a rectangular coordinate system in E2 to polar systeu~
centered at the detector and lamp respectively.

After an integrating element has been established that satisfied

the requirements of DCONE and SCONE, i.e., it is considered to be a

valid scattering volume, the intensity of resonance emissions at the

volume are calculated. The total number of scattered photons is calcu-

lated from an effective cross section and an assumed 0 density . The

probability of one of these photons entering the detector is calculated

and then, after correcting the intensity for absorption along the total

optical path , the ratio between observed counts and the 0 density is

established.

Inasmuch as the scattering volume extends tc an infinite distance

from the measuring payload , the relative contribution to the total return

signal were investigated as functions of both distance from the payload

and the density as shown in Figure 30. Nearer to the rocket payload than
14 cm there will be no scattering since the scattering volume goes to V

zero. The integral volumetric contribution per atom increases very rapidly
with distance beyond 14.5 cm and gradual ly levels out beyond 100 cm. As ex—



- ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -V ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~-V~~~V. V ~~~~~~~~~~~~~~~~~~~ —

52

S
S

0
U

/

\ ~~~
-
~ \g/\~~---r\ ~~t s \~IA ~ I

% 1 .  0

I ‘0
S

Z Z  I)
- U) V

:_



—
~ 

-V 
~~~~~~~ 

- ~~V.V_ V. -V~-V~V. — -- VV_ V- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
-V~~~~~~~~~ - - - - - -

4

53

r r — ~~~~ ‘ I ‘~

Q~~~~~~~~ 

‘
Q

Cl)

o s a wI-. .
~~ ‘04

— I-J —~~~~~~~~

>-I— o w e
—

V U) ‘a
V Zw

O ~- 4~I ‘az U
>- e n

6
C) 4J I4~~~~~~

Q~~~ 
LU s o

o I-

N
I .0 . 0

~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I~ 5 i.i %a.~

I r~ laJ
8 ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~o 4 o .c w l dX 

~-. U~~ J U . ~~~W
— Cl)

a 0 5 5 00
‘ a s

Cl~ 4.J~~~
V O Q C C ’0.4 u s

.0 5

.4 C E
— - ‘.J l.~~~5 b 0 U

IC)

U . 5 0
1.1 .5 ‘a

‘4.1 0 ‘a S
0 4.l

5 ‘a —00’0 .-l 0
S
‘ a s

• I I
up • p. 0 1-4 4 . 1 5 0

~~~1 4 ) N b c )  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

K

~ O.LV~O3S -

UWfl~OD~ W3 SNO.LOI4d

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - --V_--V - - - - - V -  



— V.: ~~~~~~~~~~~~~~~~~~~~ — — - - — -‘- — -—-fl - -  -. 
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

F I
54

0.
1.1

‘4- CO
I I I~~~~~ I I 0 .0• I I I I I i • ~ , — —

4.1 V
-

CO
4.1— — 
U
S

- 4.1
4-I
S

S

4-’
- 00

-‘-4

0
•0

~~~~9Q

— 1 1 1 1 1 1 1 1 1  l~~~

o ø~ N ~~~ IC) ~ ‘I~ C~4 — 0

3SN0dS3~ V~43.LSAS 3ALLV13eJ

V. 
-_ _ _ _ _ _  -



V.- ~V~~~~V V - V~ —

I
55

pected , the contribution per atom will be largest at low densities since

there is l i t t le  absorption . It should also be noted that the curves

representing high densities, i.e. 1 x 1012 and 5 x 1011 atoms/cm3, are

virtually flat beyond about 50 cm indicating that absorption eliminates

all contribution from scatters beyond 50 cm. At low densities, i.e.

5 x l0~ atoms/cm3, the c~ stant contribution out to a few meters is

still significant.

The effect of attenuation, again using the simple absorption model

and neglecting multiple scattering and spectral hardening effects, is

shown in Figure 31. As may be noted , the corrections required for den-

sities below 1010 atoms/cm3 are minimal. For densities of 1011 atoms/cm3

the corrections become quite significant and for densities of 1012 atoms/cm3

the corrections are large and all of the simplifying assumptions become

questionable and should be more accurately evaluated.

FLIGHT RESULTS

Two Astrobee D payloads for measurement of atomic oxygen (A30.4l3—3 V

and A30.413—5) were developed for flight before and after sunset. The

system in rocket A30.413—5 which was flown during daytime conditions

just after local sunset 1735:23.8 lIST on 2 December 1975 (before sunset

at altitude) was equipped with an interference filter and heated window

in front of the detector to provide additional rejection against mid—lW

solar emissions.

On this flight it appears that the door covering the instrumentation

came off at low altitude. Since the preamplifier for the detector was

located on a longeron immediately next to the door , it was subjected to

excessive heating. Later in the flight as it cooled, it began to again

function , although its characteristics did not stabilize sufficiently to

obtain data of sufficient quality to be of much use in accurately defining

the character of the atomic oxygen profile. The flight , however , was a
useful demonstration of the practicality of using this system under day—

light conditions.

The second payload was launched slightly less than 1½ hours later
at ~ 19:00 local time. This payload performed normally in all respects

and provided excellen t data. A ground—based 557. 7 nm photometer pointed
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toward zenith provided a supporting measurement of integrated atomic

oxygen as a useful cross correlation.

The detector count rate after subtraction of the background count

is shown in Figures 32 and 33 for the upleg and downleg of the rocket tra-
jectory , respectively. The data shown represents a 3 second running

average taken every second. As may be noted, there is considerable struc-

ture evident on both up and down legs, although the structure is not iden-
tical in both directions. The most notable structure exists at an alti-

tude of approximately 94 km with evidence for additional structure at

lover altitudes, in particular at about 84 km. The statistical signifi-

can ce of variations will be discussed later .

As previously indicated , the conversion between detected count rates

and 0 density deviates from a simple linear conversion by dependence upon

absorber temperature and 0 density itself (absorption). The temperature

model used comes from the 45°N January profiles with an exospheric temp-

erature of 900°K. When these corrections have been applied to height

profiles of atomic oxygen density , up and down legs become as shown in

Figures 34 and 35 , respectively. Figure 34 also carries a set of error

bars labeled relative error and absolute error. The, relative error bars

result from statistical variations, incorrect knowledge of the atmospheric

temperature profiles, and inadequate absorption models that would alter

the relative shape of the measured profiles. The wider absolute error

bars reflect the effects from all sources leading to uncertainties in

the determination of absolute atomic oxy gen density .

~y reducing the data with different smoothing techniques, some of

the spatial structure smoothed over by the averaging shown in previous

figures becomes more apparent at the cost of less statistical accuracy.

A segment of the up leg data between 78 and 105 km is shown in Figure 36
and for down leg data in Figure 37. Substantial amounts of structure are

seen in the upleg data where comparatively little with the exception of

around 94 km is apparent in the down leg. These data were processed

using a 1 second running average taken every .1 second.

Plotting these data on an expande d altitude scale for the maj or 0

density dip at 94 km on the up leg in Figure 38, the statistical signifi-

cance of the departure from a smooth profile is apparent. Figure 38 shows

both the plotted points and a smooth curve representing the anticipated

_ _ _ _ _
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Figure 32. Upleg atomic oxygen raw data with background subtracted for
Astrobee D A30.413— 4 launched at WSMR on 2 Dec-ember 1975 at
19:00 local time . Data shown with a 3 sec running average
shown every 1 second.
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Figure 33. Downieg atomic oxygen.
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Figure 36. Atomic oxygen data in terms of 0 density showing an estima-
tion of relative and absolute errors. Three second average ¶
taken every second.
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Figure 35. Atomic oxygen descent data.
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Figure 36. High resolution data showing considerable structure . Data
reduced with 1 second running average taken every .1 sec
up leg data.
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Figure 37. High resolution down leg data showing less structure than
up leg. Data reduced with 1 second running average taken
every .1 second.



—--- — 
- 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —---——-- -

~~~
- - - — - - -

~ 
- -

~~~~
-- - - ---- - --,.- _ -—

r r~
- 

~~~~~~~~~~~ 

-

61

I I I I I I I I I I I I I

*iT~~~~~~I III
U

‘A
—

~~~~~~~~

V O~~~I O
W .  Ct
>04w C)

5 4.1 :,..
5 5 5

125 >-
s ) W
> .I.~ CA

liz 0 00
.-4

•‘-I
~ l
cI) -IJ IJ
.4 .4 0

(wig ) 30flJ.IflV
S

00
.4

~~~~~ - LV V.V __ _ - V V - V V  - —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --



- -  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -~_
_
~_ -_- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

62

density profile without a dip. Deviations of plus and minus one standard

deviation (u) are shown based on the count rates and integration times.

Obviously the dip in density at ‘i-’ 94 km cannot be considered anything but 
V

real based on statistical deviations since the usmoothfl anticipated curve

is many outside the measurements. The dip must , therefore , represent a

real valley in the 0 density or be explainable by some other unrecogn ized

physical phenomena.

A comparable approach shown in Figure 39 to the structure which ap-

pears between 80 and 90 km on the up leg shows similar statistical evi—

dence for the reality of structured 0 density , but not with the strength

exhibited at the higher altitude. As shown in Figure 40 for the altitude

between 110 and 120 km, there is no statistical argument for any structure

other than a purely exponential decrease in density wi th altitude . There

is also little argument for significant fine scale structure in 0 density

in the downleg data below 90 km which is not too surprising from the rela-

tively smooth profile shown in Figure 37.

Comparison with Ground—based 557.7 nm Meas uremen ts

A well—calibrated vertical viewing 557.7 nm photometer was provided

at the launch site to provide a simultaneous comparison between the me a—

sured atomic oxygen profile as derived from flight data and the integrated

column emission rate from O (’s). During the flight time of the 0 payload

the measured Ø( 1~~) emissions were recorded at 93 Rayleighs, which was coin—

paratively low for the approximately one week period during which measure-

ments were taken.

The 0( s) intensity was calculated from

— 
A K 1[O]3

- 
A + K2[0J + K3[M]

where K1 = 1 .4 x l0~~° exp (—l300/RT)

K2 = 5.0 x 10 h 1  exp (—610/RT)

1(3 = 6.1 x l0

A = .72

which takes into account deactivation from both 0 and all other molecular

species. The rate coefficients were derived from recent measurements by
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[SZanger and Black3 1976] along with models for temperatures and me~~er

density profiles. The volume emission rates were calculated from the

V 
measured sounding rocket results for [ol at 1 km intervals. The resulting

emission profile was then integrated and compared wi th the ground—based

• 0(Is) measurement. When this comparison was made, a scaling factor of

approximately 1.3 was required to produce equa l Intensities . Figure 41

shows the computed and scaled volume emission rate for the up—leg portion

of the nigh t flight along with the integrated intensity.
The absence of obvious structure in the integral curve illustrates

the value of an in situ measurement any time structure of small scale
size may be present. It would be very difficult to obtain an accurate

O altitude profile by differentiating an integral measurement of 0(b )

from a rocket—borne instrument , especially since a vertical emission pro-

file is difficult to obtain from a sounding rocket which is free from sig-

nificant effects of the vehicle motion (spin coning, etc.). 
V
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Figure 41. Volume emission rate and integrated column intensity of 557.7 nm
O(1s) radiation during the flight time of Astrobee D A30.4l304.
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APPENDIX A

V Program 1

Program for the Numerical Evaluation

of the Resonant Scattering Geometry for A30.413—4 and 5

100 C. T IT L E :  MA IN  MODEL PROGRA M .. . . .M OULL.
200 C.
300  Ce
400 C’ )TATE PEN T OF V A R I A 8 L E S :
500 C.
6 0 0  C’ M T N PT :  PT OF ‘ lPd D I S T A N C E W HER E SOURCE FIEL D
700 C’ OF V i E W CROSSES DETECTOR F IELD OF V I E W
600 C. STH (TA: TRAN S L A T I O N  ANGLE TO SOUR CE
900 C’ OTHE TA: T R A N S L A T I O N  ANGLE TO DETECTOR

1000 C’ SXOIS Y: OISTAN C E FM SOURCE TO MIN PT IN X’ DIR
1100 C. SYD IST : D I STAN C E  FM SOURCE TO MINPT IN ‘Y’ DIR
1200 C. DXDIST: DISTANCE F M DETECTO R TO M IN PT IN ‘X ’ D IR
1300 C’ OX : AT O M I C  OXYGEN DENSITY (CM— 3
1400 C’ SPHOT: SOURCE TNTEN$I TY (PHOTOP 4S/SEC SR )
1500 C. EPHOT : EMITTER (OXYGEN A T O M S )  I N T E N S I T Y
1600 C. DP HO T DETECTED IN TEN ,CTY
1700 Ce SR : DI STANCE FM SOURCE TO I N T E G R A T I N G  ELEMENT
1600 Cc OR: DISTANCE FM DETEC TOR TO IN T E G R A T I N G  CLEMENT
1900 C’ SPHI : AN GLE FM SOURCE TO INTEGRATING ELE MENT
2000 C. DPHI: ANGLE FM DETECTOR TO I N T E G R A T I N G  ELE MEN T
2100 C’ AS : AREA OF SPHERE WITH RADIUS DR
2200 Cs AD: AREA Of DETECTOR
2300 C. 0: INC R E M E N T  STEP SIZE FOR I N T E G R A T I O N  (CM )
2400 Ce OI~~: MAX DISTANCE FM DETECTOR FOR I N T E G R A T I O N  (CM)
2500 C. SRAD : R A D 1U S  OF SOURCE
2600 C. SAPR A D : SOURCE APER TURE RADIUS
2700 C. DRAD : R A D I U S  OF DETECTOR
2800 C. DA PRAD: DETECTOR APERTURE R A D I U S
2900 C. ASD IST : DISTANCE FM SOURCE TO SOURCE APERTURE
3000 C. *001ST: D I STA N C E FM DETECTOR TO DETECTOR A P E R T U R E
3100 C ’ SIGMA:  A d SORPTION CROSS SECTION
3200 C. DF: A R R A Y  OF CONVOLUTED VALUES USED TO DETER MINE
3300 C’ DETECTIO N AS A FUNCTION OF ANGL E
3400 C’ SF: AR R A Y  OF C O N V O L U T E D  VALUES USED TO DETER MINE
3500 C. SOURCE INTENSITY AS A FUNCTION OF ANGLE
3600 C. SM A X A :  SOURCE M A X  ANGLE FOR sU 8ROU TIN E C N V F N
3700 C. SNI NA : SOURCE MI N ANGL E ‘ —

3600 Cc O M A X A :  DETECTOR MA X  ANGL E —
3900 C. D M IN A :  DETECTOR MI N ANGLE — —
4000 Ce 5*10*: SOURCE/DETECTOR ANGL E A R R A Y
4100 C’ eLAM PA : ANGLE AT WHICH L A M P  OUTPUT IS ZERO
4200 Ce
4300 C’
4400 )IM (NSION OF (53) , 5F (53) . SA(5 ). DA( 53)
4500 COMM ON CS.S5.~~0 .SO.Pl.DX0IST.SXDISTc SYDI$T
4600 3MA X A  S 0 .54 28
4700 iMI NA ‘ 0.086 4
4600 J M A X A  3 .1292
4900 JNIN A ‘ 0.104 7
5000 jIGMA * 3 .43E—14
5100 ~LAMP A • 0.5585
5200 40 7.OFE—2
5300 P1 2 3.141 59 2654
5400  i T H E T A  z — .3 9 27

~~~~E.DlNQ PACE BL.AMC.NOT 71L~~~
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Program 1 (cont.)

5500 OTHETA • .1309
5600 CS • C O S ( S T H E T A )
5700 CC z C O S ( D T H C T A )
580 0 S S I N( S T ’ - I E T A )
~9O0 ~D SIN (DT HE T*)
6000 X OI ST • 2.62
6100 sYD IST • 3.00
6200 )XDI ST 12.52
6300 *501ST • 1.82
6400 *001ST z 9.7Q
6500 i RAD 2 0.5

6600 AP RA D = 0.65

6700 ORA D = 0.15
6800 OA PRA O * 1.15
6900 CALL C NV FN ( S R A O . S A P R A D , A S D I  S T , S M I N A . S M A X A . S F )
7000 CALL CNV FN (DR AD ,D AP R AD ,A DD I ST ,D M INA .ONAX A ,DF )
7100 .RITE(6. 601)
7200 READ (5./)OX. SPNOT .D .D IS
7300 4RITE(6.402 )
7600 1 jUN • 0.0
7500 PSUN 0.0
7600 OV • DeD.D
7700  T V  • 0.0
7800 U s 0.125
79 00 X = 0.0
8000 Y ’O . O
8100 Z 0.0
8200 • SM *XA /50 . O
8300 • DMA XA/ 50 . 0
8600 i* (1) •
8500 J* (1) * R
8600 00 2 I~ 2 .52
8700 )A ( I)  • DA( ! 1) • R
8800 2 i * ( T )  • S A ( 1 1) • 0
8900 5 CALL SC ONE (X.Y ,Z .S R. SPH I )
9000 AS PI4 I • A8 S (SP HI )
9100 IF (A S P HI .G T . S N A X A )  GO TO 15
9200 CALL DCONECX .Y .Z .DR .DPHI)
9300 ADP HI = A 8 S ( D P NI )
9600 IF (ADPHI .GT.QMAXA) GO TO 15
9500 10 1 z 50. ’*SPH I / S M A X A
9600 .1 • 50.’AD PH I/DMAX *
9700 IF ( I .LT .1)  ES • 1.0
9800 IF (I .LY.1) GO TO 13
9900 12 FS • ( (S A ( I . 1 ) A S P H I ) e S F ( I . t ) , (A $ PH I — SA ( I ) ) .S F ( I ) ) / Q
10000 13 iF (J.LT.i) FD • 1.0
10100 IF (J.LT .1) GO TO 16
10200 ED • ((DA (J .1 )— A O P H I ) . D F ( j . 1) . ( A D P H Z — O A ( J ) ) C D F (J ) ) / R
10300 14 PHOT • S P H O T . O V . O X . C O S ( S P N I ) . S I G N A / ( S R * S R )
10600 3LOUT • (SLAMPA — ASPH L)/8L AMPA
10500 UXX • OX .S I G NA
10600 £NLS = X X X X ’ S R
10700 JNLS • XX X X .O R

10800 EPHOT * FS ’ C PHOT e EXP (—SN LS ). l f l .O UT
10900 A S • 4e~~~e~~ e Q ~
11000 JPHOT * £ P H O T e F D e ( A O / A S ) . CX P (— D M L S )
11100 SUM • SUN • 2 .O e OPH OT
11200 PSUM • P5(114 • 2 .0.DPHOT
11300 2 • Z • 0
11600 Tv = TV • 2 .O ’ DV
11500 ~O TO S
11600 15 1 • Y — 0
11700 1 • 0.0
11800 ~A LL S C O N C ( X . Y ,Z . S R . S P H I )
11~ 00 A SP HI z *~~S (SPWI)

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Program I (cont.)

12000 iF (A S P M I .G T . S M * X A .* h D . Y . G ( . —Q ) 60 10 20
12100 IF ( * S P N I . G T . S M A X A )  GO 10 26
12200 19 CALL DCONC (X.Y ,Z .DR .DPHI )

V 12300 AOP HI • ABS (OPHL)
12600 IF CA DP MI. GT .OM A- XA ) GO TO 25
12500 ~O TO 10
12600 20 1 • V — D
12700 CALL SCONE(X .Y.Z.SR.SPHI)
12800 A SPH I = A8 5 ( S PHI )
12900 iF ( A S P H I . G T . S M A X A .A N O . X . G T . 5 . O )  GO TO 20
13000 ~O TO 19
13100 25 IF ( PSU N, LT .0.000I eSU M) GO TO 40

-: 13200 iF (X.GE.2 .O ’XX) GO TO 35
13300 26 A • X C 0
13400 1 • 0.0
13500 £ • 0.0
13600 CALL S C O N E (X .Y .Z .S R . S P H I )
13700 CALL OCO N( (X . Y .Z . OR.C PHI )
13600 ASPHI • A8S( S PI4 I )
13900 *DP HI • A B S ( D PH I)
14000 ~SUM = 0.0
14100 IF (X . G T . ( D I S — D X D IST ) )  GO TO 40
14200 ~0 TO 10
14300 35 0 • 2.0 .0
16400 OV • 0*0.0
16500 AX • X
14600 ~O TO 2614700 40 A P • C X + OXO IS I  — O )e C O
14600 iR I T E(6 .60 3 ) SUM .TV ,X P
14900 015 ‘ D I S  • 5.0.0
15000 ~.O TO 5 -

15100 TO P
15200 401 FORMA T (’ INPU T IN FREE FOR MAT: OX. SPI4OT . 0. AND 015’)
15300 402 F O R W A T ( ’  TOTAL CO U NT S/5 (Cz ’ ,7X. ’V QL LJN ( ’ ,4X.
15400 • ‘DISTANCE FM DET ,s’)
15500 4 0 3 F O R M A T (4 X . F 1 2 . 3 , 3X , F 1 4 . 3 .6X , F 8 , 2 )
15600 c.ND
15700 C.
15800 C’
15900 UBR OUT INC SC ON E(X ,Y . Z , S R .S P H I )
16000 C’ TH IS SUBROUTINE CONVERTS TO POLAR NOTATION CENTERED
16100 C. AT THE SOURC E
16200 COM MO N CS.SS.CO .SD ,PI .DXD IST .SXDIST.SYDIS T
16300 AF • X • SX DI ST
16600 YE • V • SYD IST
16500 A P • X F’ CS • Y F.SS
16600 V P • XF .SS • YF e CS
16700 (P • X P .XP
16800 VP • Y P ’YP
16900 • ZeZ
17000 )R * SQRT( X P • VP • Z P )
17100 ~X • SQR T(YP • ZP )
17200 LPH! z A R S I N C Q X / S R )
17300 4C TUR N
17400 ~ND
17500 C.
17600 j UBR O UT INE DCO N E (X ,Y .Z . Df t . OPH I )
17P00 C. THIS SUBROUT IN E CONVERTS TO PO LAR NOTA TION C E N T E R E D
17600 C. AT TH E DET E CTOR
17900 CQMMO ~ CS. SS , CD .SD .P I . D X O I S T , S X O I S T , S Y O I S T
16000 :F 2 ~ • DXDI ST

4 
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Program 1 (cant.)

18100 A P = XF ’CO • V .50
18200 V P • XF ’SD • YsCO •
16300 AP • XP .XP
18400 V P 2 YP .YP
16500 £P • 1*1
18600 OR ‘ S O R T ( X P  • yp • Z P)  —

16700 ~X * S Q R T ( Y P  • Z P)
18600 3PM! * AR S IM (OX/CR )
18900 HEI UR N
19000 END
19100 C.
19200 U d R O U T IN E  CNVFN CR O.R A .D .MINP III .MAX PH I.F)
19300 -JIME NS ION F(52)
19400 HEAL MIN PHI .M A X P HI
19500 C.
19600 C. THIS SUBROUTIN E CO MPUTES AN A R R A Y  OF VALUES . F . FOUND
19700 C. ~Y CONVOLUTION BETWEEN PR OJECTED AREA OF APERTURE AND
19600 Ce AREA OF DETECTOR.
19900 C. TATEM ENT OF VARIABLES:
20000 C. R0*DETECT OR /SDURCE RADIUS
20100 Ce RA AP CRT UR E RADI US ,RD
20200  C. 0—DISTANCE BETWEEN APERTUR E AND DETECTOR
20300 C. MIN PHL *NAX ANGLE FM NOR MAL SO THAT DETECTOR
20400 C. AREA LIES INS IDE PROJECTED APERTURE AREA
20500 C. M AX P H I~ M IN  ANGLE FRO M N O R M A L  WITH NO SIGNAL
20600 Ce MA. HO— SEGMENT W I D T H S  OF APERTURE PROJ AND
20700 C. DETECTOR RESPECTIVELY
20600 C. X a OIS TAN C E FROM OR1~.LN TO LI4IE ~ET W EEK P0~ K TS
20900 Ce OF INT ERSECTION
21000 C. CP I4I=AN GL ( IN W HICH X • 0
21100 C~ XM PRO JE C TED CEN TER OF APERTURE
21200 Ce A I N T - A R E A  OF INTERSECT I ON
21300 C~ A D* A R EA OF DE T ECTOR
21400 C. ADS~ A R(A OF DETE CTOR SEGMENT
21500 Ce A AS ZAR EA OF APERTURE PROJ SEGMENT
21600 C e
21700 R02 • RD.RD
21600 RA2 • RA . RA
21900 CPNI = A T A N ( S Q R T ( ( R 4 2  — R D 2 ) / ( D e 0 ) ) )
22000 P1 • 3.141592654
22100 *0 * PI.R02
22200 PHI — 0.0
22300 DELDHI • NAX PHI/50.0
22600 E(1) — 1.0
22500 1 2
22600 3 PHI = PHI • DELPH I
22700 IF (PHI.LE.MI N PM I) GO TO 5
22600 iF CPHI .6T.M I NPNI.AND .PHI.LT.CPHI ) GO TO 10
22900 IF (PHI.GE .CPI4I ,ANO .PHI.LE ,MAXPH I ) GO TO 25
23000 GO TO 40
23100 5 F (I) • COS (PHI)
23200 £ — 1 C 1
23300 ~O TO 3
23400 10 AN • TAN (PPfI ) e0
23500 1 • XM /2 .0 • CR02 — RA Z)/(2.O .XM)

V 23600 HA RA (KM — X)
23700 t4D • RD • K
23800 ADS a R02.ARCOS ((RD— HD )/RD)—(RD—HD ) .50R1c2. .RD .HD—HD .HD)
23900 4*5 — RAZ .ARCO S( (RA I4A)/R A) (RA HA )‘SQRT( 2.eRA. HA H*’HA )
24000 A I NT • AD — AO S C A45
26100 E (I) • (*INT /A D )eCO$ (PML)

- - - ~~~~~~-~~- -- -~~~~ - -- - - - -— -
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Problem 1 (cont.)

26200 ?H1 PHI • DELPH I
24300 1 2 •

V 24400 iF (P141.GE .CPMI ) GO TO 2S
24500 GO TO 10
26600 25 AN = TAN (PHI).D
24700 - x~~/2.O • CR02 — RA2)/(2.O .XM )
24800 NA • X — ( K M  — R A)
2 4900 n O • RD — X
25000 A D~ = RD2 .A RCOS ((RD HO )/RO) CR 0 8D )SSQRT(2 ..RD .HD HO .HD)
25100 *45 • RA2 .AR COS((RA —H A ) /RA) — (RA —HA .SaRT(2. .RA CHA— H A ’HA J
25200 A INT - AA S • AOS
25300 E(I)  ‘ (A I N T / A D ) e C O S ( P H I )
25600 PHI - PHI • DELPHI
25500 1 2 1 * 1
25600 iF (PHI.GT. M A X P H I )  GO TO 40
25700 GO TO 25
25800 40 ~ETUR N

V 25900 £ND

Commutator Assignments

Format: 16 segment , NRZ 10 frames/sec

Segment Function

1 Lamp temperature

2 Magnetometer bias

3 Door monitor (+lv on , +4v of f )

4 Filter temperature

5 Pyro battery “ A” monitor

6 Pyro battery “B” monitor

7 Payload temperature (on circuit card)

8 +28v
9 Lamp intensity

10 Lamp heater

11 High voltage (CEM)

12 Ov

V 
13 +5v

14 +5v

15 +5v
16 +2 .5v
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Telemetry Assignments

Transmitter: Type Vector 102S

Power 2 watts

Frequency —— 2269.5 MHz

Modulation - FM/FM

IRIG Subearrier Input Voltage Range Description

19 — O.S.IJ. ranging

18 0 — +5v Lamp off  data
17 “ Lamp on data

16 “ *Attjtude sensor

15 “ 16 segment commutator

12 “ Magnetometer

*IR horizon sensor used on A30.413—4, Bay Shore Systems Solar
aspect sensor used on A30.413—5.

____________________ 
—_______________________ - -— — - ~~—
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